Purpose: To determine cognitive impairment patterns in patients with spinocerebellar ataxia type 6 (SCA6) compared to patients with idiopathic late-onset cerebellar ataxia (ILOCA). Methods: Neurocognitive testing was conducted on 21 SCA6, nine ILOCA, and 27 controls subjects. Intergroup differences were assessed using the Wilcoxon signed-ranked test or Student's t-test. Principal component analysis (PCA) was performed on nine cognitive variables, and Hotelling's T-squared test assessed group-specific differences. Pearson's correlations assessed changes in cognitive performance and disease progression. Intra-group differences among SCA6 were examined in a post-hoc analysis. Results: SCA6 and ILOCA patients showed impairment in visuo-spatial executive function, phonemic verbal fluency, and semantic-verb word generation. ILOCA showed impairment in mental flexibility/response inhibition, verbal learning, semantic-noun verbal fluency, and forward numerical working memory. Within the first three principal components, SCA6 and ILOCA differed from controls and from each other. Verbal working and immediate visuo-spatial memory correlated with disease duration for SCA6. For ILOCA, Mini-Mental Status Exam and RCF copy correlated with disease duration. Conclusion: Differing patterns of cognitive dysfunction were seen in SCA6 and ILOCA. PCA suggested that distinct SCA6 subgroups may exist, SCA6 1 with significant ILOCA overlap in several cognitive deficits, and SCA6 2 showing deficits in visuo-spatial performance only.
Introduction
It has been well-documented that the cerebellum plays a key role in motor function (Bernard & Seidler, 2013; Glickstein, 1992 Glickstein, , 1993 Schmahmann, 2010) . Studies have also noted cognitive impairment in cerebellar disease; deficits have been found in areas of verbal fluency, working memory, and executive function (Bellebaum & Daum, 2007; Leggio, Silveri, Petrosini, & Molinari, 2000) . However, there is still disagreement regarding the cerebellum's role in cognition (Cooper et al., 2010; Glickstein, 1993; Globas et al., 2003; Mariën et al., 2014) . Additionally, current literature has suggested that different cognitive functions are localized to specific regions of the cerebellum (Cooper et al., 2012) .
One type of cerebellar disease, spinocerebellar ataxia type 6 (SCA6), a late onset autosomal dominant neurodegenerative disorder, typically shows a milder form of cognitive dysfunction that may go undetected in general clinical settings . However, more severe deficits have also been detected in SCA6, including impairment in verbal fluency, verbal memory, immediate visual memory, executive dysfunction, and mental flexibility (Cooper et al., 2012; Suenaga et al., 2008 ).
The cognitive deficits in SCA6 are presumed to be the result of disease-related damage to the cerebellum. Additionally, it has been shown that the different regions of the cerebellum are not affected equally in SCA6. The cerebellar vermis is disproportionately affected relative to the cerebellar hemispheres (Schulz et al., 2010) . It is not yet clear whether the degeneration in the neocerebellum of SCA6 patients is also region-specific. If neocerebellar degeneration is localized to specific regions, then SCA6 patients may show only a subset of the cognitive deficits that are observed in patients with non-specific global atrophy of the cerebellum. Thus, a distinct pattern may be observed in patients diagnosed with SCA6 and can also be used as a biomarker before performing genetic testing.
To investigate the disease-specific pattern of cognitive impairment in SCA6, we compared the pattern of cognitive dysfunction in patients with SCA6 to the pattern in patients with idiopathic late-onset cerebellar atrophy (ILOCA). ILOCA patients were compared with SCA6 as they encompass patients with non-genetic related ataxia (Fogel & Perlman, 2006) . We hypothesized that SCA6 patients, as a more homogenous group, would display cognitive deficits that are distinct from those observed in a heterogeneous sample of ILOCA patients.
Materials and Methods

Subject Selection
Twenty-one patients with SCA6, nine patients with ILOCA, and 27 controls participated in this study. SCA6 patients were either genetically confirmed or reported a genetically confirmed family history; of note, CAG repeat length was not available for individuals whose diagnosis was based on family history alone. Patients were referred by their treating physician, patient support group, or word of mouth. Controls were randomly selected from a database of healthy participants without any known neurological disorders. They were then group-matched for age, gender, and educational level to control for those factors affecting the cognitive testing. Patients with acute cerebellar damage or other confounding neurological factors were excluded on the basis of clinical history and physical examination findings.
Standard Protocol Approvals, Registrations, and Patient Consent
All participants provided written informed consent according to a protocol approved by the Institutional Review Board of The Johns Hopkins University School of Medicine.
Cognitive Testing
All subjects underwent a series of cognitive tests, which included Mini-Mental Status Examination, Rey-Auditory Verbal Learning Test (RAVLT Trial I-IX), Rey-Osterrieth Complex Figure Test (RCF) , Controlled Oral Word Association Test (COWA) (FAS, Semantic-noun, and Semantic-verb) (Rodriguez-Aranda & Martinussen, 2006; Zakzanis, McDonald, & Troyer, 2013) , Trail-Making Test (Part A & Part B), Stroop Color-Word Task (Color-Task & Color-Word Task), and Wechsler Adult Intelligence Scale ver. 4 -Forward and Backward Digit Span Tests. Within Trail-Making Test, motor speed was controlled for by considering Part A to be solely motor and Part B as a combination of both motor and cognitive function. Thus, taking the difference between the two times factors took out the motor portion of the test.
Data Analyses
The cognitive examination scores were adjusted for age, sex, and the level of education according to the scores of control subjects in the study. The raw scores of all subjects were converted to Z scores based on the data of our control subjects. The intergroup differences in demographic information were assessed using the Wilcoxon signed-rank test (signedrank; Matlab R2007a, Statistics toolbox). For each test, SCA6 and ILOCA were compared with controls and with each other using Student's t-test. A principal component analysis (PCA) was performed in an unsupervised fashion as a method of dimensional reduction using princomp.m (Matlab R2007a, statistics toolbox) on the nine cognitive examination variables that differed significantly from controls in either of the two cerebellar disease groups. Intergroup differences in the principal components were assessed using Hotelling's T-squared test. Differences between SCA6 and controls were used as the primary endpoint of this study.
A secondary analysis was performed to further investigate the disease-specific pattern of cognitive impairment. In order to determine whether the change in cognitive performance was specifically associated with the progression of disease, comparisons were performed for Functional Staging For Ataxia (FSFA) scores, International Cooperative Ataxia Rating Scale (ICARS) scores, Unified Ataxia Disease Rating Scale (UADRS) scores, age of onset, duration of disease, and CAG repeat length with individual cognitive scores using Pearson's correlation analysis.
A post-hoc analysis was performed with a similar set of primary and secondary measures as done above using Wilcoxon signed-rank test (signedrank; Matlab R2007a, Statistics toolbox), PCA, and Hotelling's T-squared test. PCA showed SCA6 patients falling into two patterns of cognitive impairment, with some features either overlapping or distinct from ILOCA.
Results
Clinical and Demographic Characteristics
The clinical and demographic features are summarized in Tables 1 and 2 . In all SCA6 and ILOCA patients, magnetic resonance brain images showed pure cortical cerebellar atrophy without any involvement of the brainstem or other extra-cerebellar structures. The three groups did not statistically differ in age from one another, nor did they show any statistical difference in their level of education. As expected, SCA6 and ILOCA differed from controls in measures of neurologic function based on the cognitive discussed in the Materials and Methods section.
Descriptive Statistics of Cognitive Evaluation
General orientation and cognition were intact in both cerebellar groups as per the Mini-Mental Status Examination. Additionally, verbal working memory, immediate verbal memory recall, delayed verbal memory recall, and word recognition were unaffected as shown in RAVLT. Neither group showed a difference in their abilities in confrontation word retrieval and object recognition compared with controls.
SCA6 and ILOCA showed impairment in the phonemic verbal fluency and semantic-verb word generation task, which was assessed by COWA. Cognitive impairments in verbal learning, mental flexibility/response inhibition, and semantic-noun verbal fluency were statistically significant in ILOCA but not in SCA6. ILOCA also showed impairment in forward numerical working memory, as assessed by the Forward and Backward Digit Span tasks.
Both groups showed impairment in their visuo-spatial executive function as assessed by the Trail-Making Test. SCA6 did not reach the threshold of statistical significance of being impaired in immediate visuo-spatial working memory and in delayed visuospatial memory recall as assessed by the RCF whereas ILOCA showed impairment in immediate visuo-spatial memory recall.
SCA6 Correlations Between Disease Duration, Cognitive Testing, and Neurological Functional Scores
In SCA6, verbal working memory (R = .21, p = .04) and immediate visuo-spatial memory (R = .22, p = .03) correlated with duration of disease, whereas delayed visuo-spatial memory (R = .16, p = .07) and mental flexibility (R = 0.16, p = .07) did not reach the threshold of statistical significance. 
Correlation with ICARS (R)
Mean ( FSFA scores (Table 1 ) correlated with delayed visuo-spatial memory recall (R = .21, p = .04) and with RCF copy (R = .21, p = .04) but did not reach the threshold of statistical significance to show correlation with mental flexibility (R = .18, p = .06).
ILOCA Correlations Between Disease Duration, Cognitive Testing, and Neurological Functional Scores
In ILOCA, Mini-Mental Status Exam (R = .51, p = .03) and RCF copy (R = .47, p = .04) correlated with duration of disease. The ICARS score (Table 1 ) correlated with delayed (R = .66, p = .01) visuo-spatial memory recall, immediate visuospatial memory recall (R = .61, p = .02), semantic-noun verbal word generation task (R = .60, p = .02), and word recognition (RAVLT; R = .54, p = .04), in ILOCA. The FSFA score (Table 1 ) correlated with delayed visuo-spatial memory recall (R = .83, p = .02) and visuo-spatial working memory (R = .59, p = .03), but did not reach the threshold of statistical significance to show correlation with mental flexibility (R = .49, p = .06).
The UADRS (Table 1 ) correlated with immediate (R = .67, p = .01) and delayed (R = .83, p = .002) visuo-spatial memory recall and with RAVLT word recognition (R = .56, p = .03), but the power of the result was not sufficient enough to show correlation with semantic-noun word recognition (R = .45, p = .07) and Trail-Making visuo-spatial executive function (R = .42, p = .08).
SCA6 and ILOCA Groups Differ from Controls
Overall, the pattern of cognitive performance of the cerebellar groups differed from controls, as visualized by PCA and tested by Hotelling's T-squared statistic. The nine cognitive examinations that were impaired in cerebellar patients were used in the analysis. The first three principal components accounted for 76% of the total variance observed in the data. Within the first three principal components (Fig. 1) , SCA6 (p < .001) and ILOCA (p < .00001) differed from controls and from each other (p = .006). SCA6 and ILOCA showed the greatest separation from controls on the first principal component. SCA6 showed the greatest separation from ILOCA on the third principal component. The RCF copy and Trail-Making Test were the greatest contributing factors to the first two principal components (Fig. 2) . The Trail-Making Test, phonemic word generation, and semantic-verb word generation tasks showed the highest weighting for the third principal component.
SCA6 Subgroups
As shown in Fig. 3 , a post-hoc analysis was run to examine the possibility of subgroup differences among SCA6 individuals. SCA6 showed a bimodal distribution within the second principal component. SCA6 subgroup one (SCA6 1 ) differed from both ILOCA (p < .00001) and SCA6 2 (p < .00001) in the first three principal components. SCA6 subgroup two (SCA6 2 ) appeared to overlap significantly with ILOCA; in the first three principal components, SCA6 2 was statistically indistinguishable from ILOCA (p = .86).
When the cognitive scores of the two subgroups of SCA6 were independently compared with the scores of controls (Tables 3 and 4) , SCA6 1 showed impairment only in RCF copy and in visuo-spatial executive decision making, as assessed in the Trail-Making Test by factoring out motor speed. Additionally, mental flexibility did not reach the threshold of statistical significance for impairment. SCA6 2 showed a more inclusive pattern of cognitive impairment that included visuo-spatial performance (RCF copy, visuo-spatial immediate memory recall, visuo-spatial executive decision making, mental flexibility, and both phonemic and semantic verbal fluency). SCA6 2 and ILOCA did not show any statistical difference for cognition. However, SCA6 1 differed from ILOCA in mental flexibility and phonemic verbal fluency while not reaching the threshold of statistical significance for differing in digit-span backwards and semantic-noun verbal fluency. There were no clear demographic or clinical factors explaining the differences between the two SCA6 subgroups. The two subgroups did not differ in their duration of disease or level of education. SCA6 2 also did not differ from ILOCA in demographic profile or neurological functional scores. SCA6 1 was older than ILOCA but not significantly older than SCA6 2 ; however, post-hoc analysis with young subjects (Z < −1.5, age ≤ 45) showed the same intra-group separation within the SCA6 group. Furthermore, controls showed no difference in age within the second principal component.
There was insufficient data for an explicit analysis of genetic factors. The following anecdotal observations were though made. From the data we had, most patients had a CAG repeat length of 21-23; however, the two patients with the highest CAG repeat length (27 and 32) were in different subgroups. Two families had multiple members in the study. All the members of one family (n = 3) clustered together in SCA6 1 , whereas the members of the other family (n = 3) were all classified as SCA6 2 . Fig. 1 . Unsupervised dimensional reduction using PCA shows that SCA6 and ILOCA have a distinct pattern of cognitive performance when compared with controls. SCA6 and ILOCA showed the greatest separation from controls along the first principal component. Furthermore, SCA6 showed the greatest separation from ILOCA along the third principal component (μ = mean of the population). 
Discussion
We investigated cognitive impairment patterns in patients with SCA6 and patients with ILOCA. Previous studies have shown cognitive deficits in verbal (semantic and phonemic), visuo-spatial, and executive domains in SCA6 patients compared to controls (Cooper et al., 2010; Suenaga et al., 2008) . Our findings indicate that SCA6 patients have a distinct pattern of impairment in cognitive function compared to ILOCA and controls. Specifically, the SCA6 group exhibited impairment in a smaller number of cognitive tasks than the ILOCA group, as expected based on current literature (Cooper et al., 2012) .
Our analysis suggests that cerebellar degeneration may selectively affect certain cognitive domains while sparing others. We found that semantic, phonemic, and executive visuo-spatial processes were affected in both SCA6 and ILOCA, whereas verbal working memory, immediate and delayed verbal memory recall, and word recognition were spared. These results are consistent with previous studies that have shown that neurodegenerative cerebellar ataxia patients tend to perform better on cued tasks that do not require vocalization (Orsi et al., 2011) . Possibly, the increased cognitive load required for vocalization may hinder ataxia patients in their performance of the cognitive task. Although some of our studies did control for motor performance, further studies are needed to differentiate between primary cognitive pathology and poor performance on cognitive testing secondary to motor impairment.
As expected, both SCA6 and ILOCA differed from controls on deficits in visuo-spatial performance, even after controlling for motor speed, thus indicating a possible clinical marker common to multiple forms of cerebellar degeneration. Furthermore, ILOCA showed greater deficits in verbal fluency tasks and mental flexibility than SCA6, suggesting that different patterns of cerebellar atrophy may result in difficulties with different cognitive tasks. Our findings are consistent with recent studies that have suggested distinct cerebellar sub-regions are responsible for different cognitive tasks. These findings support the hypothesis that the cerebellum plays a key role in cognitive tasks, which in the past has been a source of disagreement in the literature (Glickstein, 1993) . Additionally, we saw certain neuropsychological tests correlated statistically with performance scores on ICARS, FSFA, and UADRS. This is consistent with previous studies showing correlation between cerebellar patients and functional test scores (Bernard & Seidler, 2013; Glickstein, 1992 Glickstein, , 1993 . Based on our analysis, one explanation for this correlation can be attributed to the fact that both tests are examining the same cognitive aspect but in different ways. Further studies are needed in which a functional test subset is compared with a neuropsychological test.
Interestingly, our post-hoc analysis suggests that SCA6 patients may be subdivided into two separate groups (SCA6 1 and SCA6 2 ) based on their cognitive performance. Both SCA6 subgroups showed impairment in visuo-spatial performance and RCF copy; however, only SCA6 1 showed additional deficits in mental flexibility/response inhibition and verbal processes. The differences in performance suggest that it may be possible to categorize cognitive impairments into certain domains as shown in Fig. 4 . In addition, the presence of subgroups within SCA6 might explain why some studies have found contradictory information about the presence of cognitive deficits in SCA6 (Globas et al., 2003; Suenaga et al., 2008) .
The reason for this intra-group separation is unclear. It is possible that the subgroup separation in SCA6 is attributable to individual variations in the SCA6 gene or other genetic factors. It is well-known in SCA 1, 2, 3, and 6 that CAG repeat length is inversely related to the age of onset of the disease (Netravathi et al., 2009; Takahashi et al., 2004) . Conversely, in other neurodegenerative diseases, such as Huntington's disease and movement disorder, different genetic mutations may exist but show a similar phenotype (Gövert & Schneider, 2013) . In Parkinson's disease, data has also shown that epigenetic factors may affect the age of disease onset and the level of disease severity (Chahine et al., 2013; Nichols et al., 2009; Sidransky et al., 2009) . Additionally, patients with SCA2 have shown differences in their phenotypes based on polyQ variations in the CACNA1A calcium channel making the severity of the disease worse (Pulst et al., 2005) . In our study, it is also possible that the variation in cognitive phenotype in cerebellar patients is a reflection of epigenetic factors other than the SCA6 gene itself. As other demographic factors, such as duration of disease, age, or level of education did not differ between the subgroups, further MRI studies are necessary to establish the cause of a possible subgroup existence. A lack of availability of SCA6 trinucleotide repeat length in some subjects is an important limitation of this study. However, in those cases in which CAG repeat length was available, there was no evidence that it was associated with intragroup separation in SCA6, as the two subjects with the highest repeat length appeared to segregate into different subgroups. Also, we did not measure the level of depression in cerebellar patients. Affective syndrome has been reported for patients with cerebellar degeneration (Wolf, Rapoport, & Schweizer, 2009 ) and it has been documented that depression has a deleterious affect on cognitive performance (Marazziti, Consoli, Picchetti, Carlini, & Faravelli, 2010) . It is therefore possible that different levels of depressive symptoms across our different groups could at least partially explain the cognitive differences. Furthermore, one of our most limiting factors is the sample size due to the rarity of SCA6. This also could have an affect on the fact that some of our SCA6 patients were related to each other. Their relationship would not have a much affect on our primary analysis; however, future studies with a bigger sample size looking at the possibility of subgroups within the SCA6 patients should further our understanding of this finding. Lastly, we did not have MRI scans of the patients which warrant future studies to confirm our results with currently known MRI patterns of SCA6 and ILOCA patients.
Conclusion
In conclusion, our study demonstrates that there are observable patterns of cognitive dysfunction in patients with SCA6 and ILOCA. The disease-specific pattern of cognitive impairment in SCA6 involved a subset of the deficits observed in ILOCA patients. Specifically, while both SCA6 and ILOCA demonstrate visuo-spatial deficits, SCA6 shows a relative sparing of verbal fluency and mental flexibility. Finally, we propose that there may be intra-group cognitive differences in SCA6 patients.
